2), the same concept was applied to the design of aircraft components. The damage tolerance philosophy was introduced in the 1960's by the U.S. Air Force(ref. 3) in an attempt to prevent catastrophic accidents resulting from a less than perfect manufacturing process. In the damage tolerance philosophy, new structures are assumed to contain small cracks. Up to the current time the damage tolerance philosophy has been used exclusively on fixed-wing aircraft while all current rotorcraft have been designed using a safe life approach.
Because of two studies(ref. 4 and 5) done about a decade apart, the safe life approach using the Palmgren-Miner(P/M) linear cumulative damage rule has been questioned as being the most reliable approach to predicting fatigue life. In the work in reference 4 by Jacoby, the predicted lives of one-third of about 300 tests on all types of structures and materials were considered to be on the unconservative side. The work in reference 5 , the hypothetical pitch link problem formulated by the American Helicopter Society, showed variations in predicted fatigue life from 9 to 2,594 hours. The current round-robin on fatigue life prediction in the American Helicopter Society(AHS) using a statistical reliability analysis is an effort aimed, in part, at investigating the adequacy of the safe life methodology. The AHS round-robin was instituted to increase future fleet readiness and flight safety which strongly depend on the degree of reliability and maintainability that can be designed into rotorcraft flight critical components. The current U.S. Army fatigue-life specification for new rotorcraft is the so-called "six-nine" reliability, or probability of failure of one in a million. The work reported in this study is a parallel effort to the AHS round-robin but focuses more on the actual methodologies used to predict fatigue life rather than the reliability aspect of the problem.
To make an assessment of the several methods that are used to predict fatigue life, a test program was designed to evaluate the several methodologies. The test spectrum chosen for the tests was the standardized rotorcraft spectrum called Felix/28(ref. 6) . This spectrum will be described in a later section in the paper. This spectrum was chosen since very little experience exists in the rotorcraft community in synthesizing load histories from actual flight records as reported in a recent study by Berens et. al. in their report on helicopter fatigue methodology(ref. 7) . Two other forms of Felix/28 were also used in the spectrum tests. Both of these spectra were developed using the results of a rainflow counting analysis on the Felix/28
spectrum.
The three analysis methods that were used to calculate fatigue life were the nominal stress P/M, the local strain P/M, and a total-life fracture mechanics analysis developed by Newman(ref. 8) . The nominal stress P/M method was chosen since it is the primary method currently used by the rotorcraft community. The local strain method was recommended in a recent study on helicopter fatigue methodology(ref. 7) , since it assesses the stress(strain)
state at discontinuities such as holes where the fatigue damage process occurs. The total-life analysis was chosen since it is a method that calculates fatigue life based solely on fatigue crack growth from "small" initial cracks(lO to 20 microns in length).
Test Program
Both spectrum-fatigue and constant-amplitude-fatigue test data were needed for this study. The spectrum fatigue tests were needed as a point of reference to assess the ability of the several methodologies in predicting fatigue life. Constant amplitude test data were also needed for fatigue life calculations using the P-M nominal stress linear cumulative damage rule. This 3 section describes the test specimen used for these tests and explains how the fatigue tests were performed.
Material and Specimen Configuration
The material selected for this study was AISI 4340 steel since it is often used in making dynamic components of rotorcraft. The material was supplied in the annealed condition with a plate thickness of 3/8 inch. All specimens were heat treated to Rockwell C scale values between 43 and 45 by a one hour soak at 840 C then tempering in a vacuum at 440 C for two hours followed by furnace cooling in nitrogen gas. The resulting tensile strength was 212 ksi which was calculated from an average of five tests.
The test specimens were machined to the configuration shown in Figure 1 before they were heat treated. The specimens were machined from the plate leaving a surface finish of 32 rms with the longitudinal axis of the specimen being aligned in the rolling direction of the plate. The hole diameter of 0.25 inches was machined using several progressively larger drill sizes with the last drill removing only 0.002 inches maximum to minimize residual stresses. The surface finish of the hole after machine polishing was 8 rms.
The elastic stress concentration factor (based on net section stress) as determined from the boundary force method (ref. Figure 2 shows the constant amplitude fatigue tests plotted on a typical stress versus life cycle (S/N) curve. The endurance limit for these tests was estimated to be about 55 ksi.
Spectrum Tests
The spectrum fatigue tests were also performed using servo-hydraulic, electronically controlled test stands. For these tests a computer that was used to input the sequence of peak and trough commands to the testing machine also checked to assure that each commanded peak or trough was attained (to within 0.5% of range) before proceeding with the remainder of the sequence.
The load spectrum chosen for these tests was a helicopter load sequence developed in a collaborative effort by three European countries(ref. Three forms of the Felix/28 spectrum were run during this test program.
Each spectrum was run at several different maximum stress levels. Besides the actual Felix/28 sequence, the other two test spectra were load sequences developed from a rainflow cycle counting of the Felix/28 spectrum. Tests were run on these spectra to assess how important load interaction effects are on fatigue life in the Felix/28 spectrum. In one load sequence, called the lowhigh sequence in this study, the loads were applied in the order from the lowest load range, as determined by the rainflow counting method, to the highest load range. This load sequence is given in Table 2 and shown schematically in Figure 4 . The other loading sequence was the reverse order of the low-high sequence and was called the high-low sequence. Since the lowhigh sequence gave fatigue lives that were slightly longer than the Felix/28 spectrum, the high-low sequence was run to see if shorter lives would result.
Fatigue Life Prediction Methodologies
In this next section, an explanation of the three techniques used in this study to predict fatigue life is presented. The two safe-life methods calculate a total fatigue life without explicitly considering crack growth in the analysis. As opposed to these methods, the Total-Life Analysis uses only crack growth data to predict total fatigue life with the initial crack length,ai,being determined from a microscopic examination of crack initiation sites(2a i -0.0006 in.).
Palmirem-Miner Nominal Stress Approach
The rotorcraft industry mostly uses the nominal stress, Palmgren-Miner linear damage accumulation rule(P/M) to calculate the design fatigue life of rotorcraft dynamic components. The linear cumulative damage rule states that fatigue failure occurs when the summation of the so-called cycle ratios (n/N) is equal to one. In the nominal stress approach, the nominal applied stress is used with a cycle counting technique to group the flight loads into discrete load levels so the numerators (n) of the cycle ratios can be defined.
In the design of rotorcraft the denominator(N) is determined from fatigue tests on the actual part being designed. Usually six tests are run at different stress levels and a curve is faired through each point to define the endurance limit(ref. 12). The curve shape used in fairing through the test points is usually established from coupon S/N test data. The design endurance limit is the lowest of several "statistical" reductions taken on the mean endurance limit. The statistical reductions often considered are eighty percent of the mean, one standard deviation from the mean, and three standard deviations from the mean. Usually the lowest of the several reductions considered is taken as the design endurance limit. In this report the denominator of the cycle ratio(N) was determined from coupon S/N data at a stress ratio of zero.
Since the fatigue load cycles from the flight loads data are at many different R ratios, these loads(stresses) are "corrected" to stress values that give the equivalent damage as the flight load stresses but at the R ratio of the S/N data. Some form of the Goodman diagram is normally used for this "correction". In this study a linear Goodman correction was used. The fatigue life is then calculated by summing all the cycle ratios for the different stress levels determined from the counting technique and this sum is inverted and multiplied by the number of cycles per pass in the load spectrum to calculate fatigue life. In equation form this becomes
In using the nominal stress P-M analysis for fatigue life prediction there are at least three parts of the analysis where different approaches can be used. First, a counting technique must be used to group the flight stresses into discrete stress levels to form the cycle ratios. In this study a rainflow counting technique has been used which has been programmed as a computer algorithm(ref. 13 ). The rainflow count of Felix28 is given in Table   2 . Second, an S-N curve is needed for the denominator of the cycle ratios.
In this study as stated previously, constant amplitude tests were run at a stress ratio of zero to provide this information( see Fig. 2 and Table 1 ). In the computer algorithm that was written for the nominal stress P-M analysis, the S-N data were put in an equation which is linear on a log-log plot as shown in figure 5 . The horizontal line shown in figure 5 represents the endurance limit which was determined from the three tests that were runouts(see Table 1 ).
The stress levels of these three tests were averaged to define the endurance limit at 55.83 ksi. All tests were used to calculate the log-linear line shown in figure 5 except for the three runout tests and tests that were below the endurance limit. Third, the flight stresses were corrected by a linear Goodman correction to give a set of stresses that gave an equivalent damage as the actual spectrum stresses but at the stress ratio used in the constant amplitude tests.
Local Strain Approach
The local strain approach uses the P/M linear cumulative damage rule, but seeks to define the fatigue damage in a more rigorous manner by relating the fatigue life to the local strain and local mean stress. This approach also is able to account for load interaction effects since the strain for a current load cycle depends on the prior load cycles deformation(ref. 14). Instead of using a S-N curve to determine the denominator of the cycle ratios, a local strain life relationship is used which relates the local strain amplitude, ( a to the cycles to failure, N*. This relationship is usually developed from constant amplitude fatigue tests on unnotched specimens.
For a mean local stress of zero this relationship can be expressed as
fit parameters. These curve fit parameters are often called the fatigue strength coefficient, fatigue strength exponent, fatigue ductility coefficient, and fatigue ductility exponent, respectively. An equation which corrects the above calculated life for a nonzero local mean stress is
where o is the local mean stress. 
E where a and e are the local stress and strain, and K T is the elastic stress concentration factor. A cyclic stress-strain relationship such as
where A is the cyclic strength coefficient and s is the cyclic strain hardening exponent, is then combined with the Neuber rule to determine the local strain for each flight load peak and valley in the load sequence. The corresponding local stress can then be determined from Neuber's rule and the local stress-strain hysteresis loops are formed.
A rainflow counting of a given flight load sequence will give the same cycle counting results in terms of the the number of cycles(n) at a given nominal stress as the method for generating the hysteresis loops stated above(ref.
15). These nominal. stresses can then be converted to local stresses using The curve fit parameters needed in equations 2, 3, and 5 are given in Table 4 .
The range and mean stress values for Felix28 needed by UPLO were determined by a rainflow computer algorithm(ref. 13 ).
Damage Tolerance Approach
In the damage tolerance approach to structural integrity, a safe inspection interval or safe operating life is calculated from crack growth considerations. A safe inspection interval is determined for structures where the structure can be inspected and a safe operation life is determined for structures that can not be inspected. Concepts from fracture mechanics which relate crack growtha rates to the stress intensity factor range are used to calculate the safe operating interval or life. In this approach, life is calculated by integrating a crack growth rate versus stress intensity factor relationship like
where da/dN is the crack growth rate and AK is the stress intensity factor.
To calculate a safe inspection interval the initial crack size used in the integration is 0.05 inches(ref.
3). To calculate a safe operation lilq the initial crack size used in the integration is 0.005 inches. In the calculation of the safe operating life the crack growth life must be greater than the design life of the structure.
In this study, a modified damage tolerance approach was used to predict the total fatigue life of the test specimen. The main difference between the total life analysis(TLA) and the more widely accepted approach, explained above, is that crack-closure concepts(ref. Figure 6 shows the results for the Felix/28 spectrum tests and the rainflow counted sequence tests. The data are plotted as the maximum stress in the spectrum versus the load cycles to failure. Table 3 shows these test results in tabular form at the several different maximum stress values. Figure 6 shows that at the higher stress levels the low-high sequence gave fatigue lives that were slightly longer than the Felix/28 lives, while the high-low sequence gave slightly shorter lives than the Felix/28 lives. The test results also show that as the maximum stress level in the spectrum is reduced the lives for the three different test spectra appear to converge. In reference 6 it was noted that Felix/28 test lives should be viewed with caution at the higher stress levels, whereas, the lives near the endurance limit simulated the full Felix spectrum test results fairly well. The current tests also show that for this material and hole configuration a maximum stress in the spectrum of 100 ksi will give test lives at about one pass through the spectrum while a runout is at about a maximum stress of 65 ksi in the spectrum.
Comparisons of Predicted and Test Lives
In figure 7 the Felix28 spectrum test results are shown as well as the analytical life predictions from the nominal stress P-M analysis, local strain P-M, and the TLA analysis as explained above. The P-M analysis life predictions follow the trend of the Felix28 test data very well, although the predictions are slightly on the unconservative side. It should be noted that these lives were based on a mean regression line through the S-N data of figure 2. The mean regression line is shown in figure 5 . In general, rotorcraft fatigue lives are based on a reduction from this mean curve. This will be discussed in more detail later.
The local strain P-M life predictions as calculated by the UPLO program also follows the trend of the Felix28 data very well. Similarly to the nominal stress P-M analysis, the local strain predicted lives are slightly unconservative when compared to the test data where the maximum stress in the test spectrum is at the higher values. However, at the lower stress values the local strain predicted lives fall within the scatter of the test results.
The life predictions from the TLA analysis also follows the trend of the test data very well. These predicted lives are also slightly longer than the mean test lives but are within the experimental scatter.
Since the nominal stress P-M method cannot account for any load interaction effects, it will predict the same fatigue lifes for all three spectrums. As stated previously, the local strain P-M method does account for load interaction effects . However, in this study since the bounded analysis of the UPLO computer program was used to predict fatigue lives, it is not clear how successful the local strain analysis would be in predicting the load interaction effects of these spectra. As can be seen in figure 8 , the maximum difference in lives that could be produced by the local strain method due to load sequence effects was similar to the difference in lives observed for the two reconstructed sequence tests.
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The TLA analysis, like most analyses that calculate crack-growth rates, accounts for load interaction effects. As can be seen in figure 8 . These lives were calculated using the largest inclusion particle dimensions found in reference 16. While this "design" curve also predicts lives on the conservative side of the test data, it predicts an endurance limit between 40 and 45 ksi which is nominally 10 ksi less than the 80% P-M prediction and about 20 ksi less than the one runout test.
To place in perspective the effect of using the current damage tolerance initial crack size(O.05 inches) on predicting total fatigue life, a curve from these calculations is also shown on figure 9. Very conservative lives would be predicted using the 0.05 inch initial crack size. Cycles to failure 
